Abstract: Ultrahigh-Q Photonic Crystal cavities were realized in a suspended Silicon Rich Nitride (SiNx) platform for applications at telecom wavelengths. Using a line width modulated cavity design we achieved a simulated Q of 520,000 with a modal volume of 0.77(λ/n) 3 . The fabricated cavities were measured using the resonance scattering technique and we demonstrated a measured Q of 120,000. The experimental spectra at different input power also indicate that the non-linear losses are negligible in this material platform.
The coupling efficiency is here defined as the ratio between the optical power coupled to the cavity mode and the total optical power incident on the cavity. As detailed in ref.
[27], the peak intensity I of the resonant scattering spectrum is proportional to the light intensity that has been coupled to the cavity mode and reflected back to the detector in crossed polarizations. To normalize this quantity, we determine the intensity I 0 of the incident light by replacing the sample with a nearly ideal dielectric mirror and measuring the reflected intensity, under the same focusing conditions but with parallel polarizations. Thus, we define the coupling efficiency as [20, 21] . In this letter, we report 2D cavities with Q-factors over 120,000 in air membraned silicon rich nitride (SiNx) platform. We have previously demonstrated PhC waveguides with low propagation loss and high group index in this SiNx platform [22] . SiNx offers several advantages: i) Unlike stoichiometric Si 3 N 4 , the refractive index can be optimized for specific applications by controlling the Si concentration, ii) the nonlinear Kerr coefficient can be improved significantly, comparable to bulk Si, with negligible TPA, iii) CMOS compatible fabrication process with possibility of 3D integration [16, [23] [24] [25] .
Introduction

Design and fabrication
For this demonstration we used a well-known line-width modulated 2D PhC cavity design, first proposed by Kuramochi et al. [3] . The cavity was formed in a hexagonal PhC lattice of air holes in a 300 nm thick SiNx slab. The lattice period and air hole radius of the background PhC was chosen to be a = 570 nm and r = 0.30a, so that the resonance wavelengths of the cavities could fall within the telecom wavelength range. The cavity was defined in a W1 waveguide with its axis along Γ-K direction. The optical confinement was achieved by shifting a set of air holes away from the center of the waveguide. In Fig. 1(a) , the holes in red, yellow and purple are shifted along the y-direction by ΔA (y), ΔB ( 2 3 y = ) and ΔC ( 1 y 3 = ) respectively. For calculating the Q-factors and resonance wavelengths we used the 3D finitedifference-time-domain (FDTD) method. The calculation area was set to 55 periods along the x-axis, 22 periods along the y-axis and 2 µm along the z-axis. The minimum mesh size was chosen to be 0.02a x , 0.02a y , and 30 nm along x, y and z directions respectively. Using these simulation parameters, we have optimized the cavity design by varying the hole shifts. We changed the value of y from 3 nm up to 21 nm and achieved the highest Q-factor of 520,000 with resonance wavelength at 1569 nm for y = 12 nm. The modal volume of the cavity with y = 12 nm was calculated to be 0.77(λ/n) 3 . Such high Q-factor with low modal volume implies that it is possible to achieve optical performance comparable to conventional Si based PhC cavities in SiNx. Figure 1(b) shows the simulated dominant electric field (E y ) profile of the resonant mode. The optical mode is strongly confined near the center of the cavity and gradually attenuates away from the center.
To confirm the calculated optical properties of the designed PhC cavities, the devices were fabricated in a SiNx-on-Si substrate. A 300 nm thick layer of SiNx was fist deposited on a 6-inch Si wafer with (100) surface orientation using plasma enhanced chemical vapor deposition (PECVD) system. The details of the deposition recipe and its optimization can be found in our previously reported work [22, 26] . From the ellipsometry data we found that the refractive index of the deposited SiNx was 2.48 at 1550 nm wavelength. The wafer was then spin coated with a 450 nm thick layer of e-beam resist ZEP 520A. Using e-beam lithography, the PhC cavity patterns were exposed into the ZEP layer. After developing the exposed resist using ZED-N50, the PhC cavity patterns were transferred into the SiNx layer in an inductively coupled plasma (ICP) system using SF 6 /CHF 3 gas chemistry. After removing the left over resist, the wafer was immersed in a 25% aqueous solution of Tetra-methylammonium hydroxide (TMAH). TMAH selectively etched away the bottom Si through the exposed areas leaving the SiNx layer with PhC cavity regions suspended. Figure 1(c) shows an SEM image of the fabricated PhC cavity. The hole shifts were too small to be distinguished visually. Figure 1(d) shows the cross-sectional view of the suspended PhC structure. A zoomed in view of the PhC region, shown in the inset of Fig. 1(d) , reveals some surface roughness, which we believe comes from the deposition process and according to atomic force microscopy (AFM) the roughness was around 4 nm (rms). 
Characterization
The cavities were characterized at room temperature (T = 300 K) using the resonant scattering (RS) technique. The setup is shown in Fig. 2(a) and a detailed discussion about the technique can be found in [27] . In short, in this technique, the continuous-wave laser light scattered from the PhC cavities was measured using a crossed-polarization setup consisting of a polarizer and analyser. To achieve a high signal-to-noise ratio, the cavity is oriented at 45° with respect to the axis of the polarizer and analyser, thus maximising the resonant signal over the background reflection. The advantage of using the RS technique is that, unlike in-plane characterization methods that use coupling waveguides [3], RS spectrum directly gives the intrinsic Q-factor of the cavity and also offers high signal-to-noise ratio. We achieved experimentally the highest Q-factor for the cavity with y = 6 nm. Figure 2(b) shows the RS spectrum of the same cavity around its resonance wavelength at 1558.59 nm. The red dots represent the measured RS signal and the black line indicates a Fano-fit to determine the linewidth of the resonance peak. The reason for using a Fano-fit instead of a Lorenzian fit is because occasionally a Lorenzian spectrum can become asymmetric due to different coupling conditions into the cavity. This asymmetry arises from the Fano interference between the scattering due to the cavity resonance (discrete state) and the scattered light from the background PhC (continuum of states) [28] . We estimated the Q-factor of the cavity from the linewidth of the best fit of the resonance peak with a Fano function (black line). An extremely narrow linewidth of ~13 pm corresponding to a Q-factor of 122,000 was obtained. Figure 3 compares the simulated and measured Q-factors and resonance wavelengths as functions of the hole shifts (y). In Fig. 3(a) the experimentally determined Q-factors were plotted using red circles, while the simulated values are shown by blue diamonds. For y = 12 nm, we achieved the highest simulated Q-factor of 520,000 and for other values of y, the Qfactor drops monotonically away from y = 12 nm. For measurements, the signal strength from the RS setup depends on the refractive index contrast of the material and the strength of the disorder in the structure. For our low index SiNx PhC cavities the signal strength was relatively poor compared to Si based PhC cavities. As a result we could not successfully measure the cavity spectrum from the device with y = 3 nm. For the rest of the cavities with y varying from 6 nm to 21 nm, the Q-factor varied between 71,000 and 122,000. Although we observed a clear trend in the simulated result with highest Q-factor for the cavity with y = 12 nm, the experimental values do not follow any such trend. We believe this variation is within the limit of statistical uncertainty due to the fabrication process. Also, we notice that the highest measured Q-factor is limited by the Q-factor associated with the material loss and fabrication. Ref [16] reports a propagation loss of 1.5 dB/cm for waveguides fabricated using the same material and similar fabrication process. From this loss value we can roughly estimate the Q-factor associated with the material loss and fabrication using the formula 2 n Q π λα = , where n is the refractive index of SiNx around wavelength λ of 1.55 µm and α is the propagation loss (in µm −1 ). According to this equation, our cavity Q-factors are limited to 145,000. This is highlighted using the grey dashed line in Fig. 3(a) . Figure 3(b) shows how the resonance wavelength red-shifts as a function of hole shift. The simulated values are shown in green circles, whereas the measured values are shown in yellow squares. From the simulated values, the optical resonance is at 1562 nm for the cavity with y = 3 nm while the resonance wavelength shifts to 1572 nm for the cavity with y = 21 nm, i.e., by more than 10 nm. For most of the cavities we found a good agreement between the experimental results and the simulated results. Finally, we characterized our cavities at different input powers. We swept the CW laser light from shorter to longer wavelengths and measured the RS signal. Figure 4(a) shows the RS intensity spectrum of the cavity with y = 12 nm for different coupled power. Our coupling efficiency was about 6% [29] . For low input powers, the cavity spectrum shown a Fano shape similar to the one reported in Fig. 3(b) ; however, as the input power increased, the shape of the RS spectrum dramatically changed to an asymmetric saw-tooth shape. This resulted from a well-known phenomenon of thermally induced optical bistability [14, 15, 30] . For a fixed input power, as the input light starts to couple into the cavity, the cavity temperature starts to rise due to linear and nonlinear absorptions causing a red-shift in the resonance wavelength from the cold cavity resonance (in this case at 1564.29nm) and due to a positive feedback between the laser red-sweeping and cavity resonance red-shift the RS spectrum broadens. However, when the detuning becomes too large for the cavity to follow, the RS intensity drops sharply to zero, indicating that the bistable state exists. In this cavity, the evidence of strong optical bistability was visible at a coupled power as low as 5.66 µW. As the input power increased, the effect of bistability also becomes more prominent and the wavelength where the transition happens also red-shifts, which is the new resonance wavelength of the hot cavity. There are various absorption mechanisms which could cause a change in the cavity temperature leading to a change in refractive index due to thermo-optic effect: linear absorption, FCA and TPA [14, 15] . One way to identify the effect of the different absorption mechanisms on the cavity behaviour is by observing the shift in resonance wavelength with increasing input power. Therefore, in Fig. 4(b) we plotted the resonance wavelength as a function of the coupled optical power. Interestingly, the shift in resonance wavelength is linear for a change in coupled power over three orders of magnitude from 0.340 µW up to 180µW. This suggests that nonlinear absorption losses, especially TPA or TPA related FCA (which are significantly prominent in Si based PhC cavities [14, 15] ), are negligible within the power level of our measurement. Also, since the SiNx layer was deposited using PECVD we do not expect any direct FCA due to the presence of free carriers [26] . We notice that a more detailed analysis of the nonlinear response of our PhC cavities using a theoretical model for linear and nonlinear absorption processes would require the knowledge of important material parameters such as the thermal conductivity and specific heat, which are still object of investigation for this new SiNx material. The main source of bistability in our cavities is the intrinsic linear absorption of the material platform. There are several sources that can be responsible for such absorption in our deposited SiNx layer. Si rich layers as ours have shown an increased amount of Si-H and Si-Si bonds due to their increased Si content [26] . The presence of Si-H bonds produces vibrational overtones with energy absorption tails extended over the telecom wavelengths around 1550nm that can increase the intrinsic loss of the material [31] . Moreover, the high concentrations of Si-H and Si-Si bonds can lead to the formation undesired Si dangling bonds and material defects such as grains, pores, voids and surface roughness (see inset in Fig. 1(d) ) that can produce additional scattering and absorption losses [32, 33] . 
Conclusion
In conclusion, we have experimentally demonstrated ultra-high Q PhC cavities in a low refractive index contrast SiNx/air material platform. For this demonstration we used a line width modulated cavity design. Initial numerical results suggested a Q-value of over 5 × 10 5 could be achieved with such cavity design. Experimentally, we achieved a Q value of as high as 122,000; this was mainly limited by the material loss and fabrication loss of the platform. The bistability measurement of these cavities reveal that there are no nonlinear losses, such as TPA or FCA, present in these cavities even for a coupled power as high as 180µW. Ultrahigh Q-values associated with no nonlinear loss makes these cavities a very promising structure for nonlinear photonic applications.
